Introduction
============

Cervical cancer is the third-leading cause of cancer-associated mortality among young women worldwide; it is a severe health threat in developing countries, which is often caused by a persistent infection with the human papillomavirus (HPV) ([@b1-ol-0-0-7552],[@b2-ol-0-0-7552]). However, owing to an increased rate of tumor recurrence and metastasis, there are no sufficient treatment options at present other than surgical resection.

The primary cause of cancer-associated mortality is due to the fact that tumor cells are able to disseminate to distant sites ([@b3-ol-0-0-7552],[@b4-ol-0-0-7552]). However, the mechanism by which metastasis occurs remains controversial. Studies have indicated that the epithelial-mesenchymal transition (EMT) is a necessary prerequisite for tumor metastasis ([@b5-ol-0-0-7552]--[@b7-ol-0-0-7552]). Owing to the clinical importance of metastasis, a number of studies have focused on elucidating the mechanisms of EMT ([@b8-ol-0-0-7552],[@b9-ol-0-0-7552]). Transforming growth factor-β1 (TGF-β1) serves a key role in the process of EMT and is regarded as a driver of EMT ([@b10-ol-0-0-7552],[@b11-ol-0-0-7552]). However, the mechanisms underlying the regulation of TGF-β1 in cervical cancer cells remain elusive.

Probable adenosine triphosphate (ATP)-dependent RNA helicase DDX5 (also known as p68) was initially identified through immunological cross-reactivity against the anti-simian virus 40 large T-monoclonal antibody ([@b12-ol-0-0-7552]). It has been reported that p68 knockout mice are embryonically lethal (embryonic day, 11.5), indicating that it serves a key function in the developmental process ([@b13-ol-0-0-7552]). p68 is involved in the processing of RNA secondary structures, which participates in a variety of biological processes, including cell proliferation and organ differentiation ([@b14-ol-0-0-7552]--[@b16-ol-0-0-7552]). At present, p68 has been identified to activate the transcription of estrogen receptor, androgen receptor and tumor suppressor p53, myoblast determination protein and β-catenin ([@b16-ol-0-0-7552],[@b17-ol-0-0-7552]). Overexpression of p68 has been documented in various types of cancer including colon, breast and prostate cancer ([@b18-ol-0-0-7552]--[@b20-ol-0-0-7552]). However, to the best of our knowledge, no study has been conducted on the specific role of p68 in cervical cancer.

In the present study, the expression and potential mechanism of p68 in the development of cervical cancer was investigated. To the best of our knowledge, for the first time, it was demonstrated that p68 was markedly upregulated in cervical cancer cells. Furthermore, it was demonstrated that p68 may transcriptionally activate the expression of TGF-β1, thereby prompting the EMT process of cervical cancer cells.

Materials and methods
=====================

### Cell culture

The cervical cancer CaSki, HeLa (HPV-18-positive), SiHa (HPV-16-positive) and C-33A (HPV-negative) cell lines were compared with the human keratinocyte cell HaCaT line and obtained from the American Type Culture Collection (Manassas, VA, USA) and cultured in RPMI-1640 (GE Healthcare Life Sciences, Little Chalfont, UK). All cultures were supplemented with 10% fetal bovine serum (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), streptomycin (100 mg/ml; GE Healthcare Life Sciences) and penicillin (100 IU/ml; GE Healthcare Life Sciences) at 37°C in a humidified atmosphere containing 5% CO~2~.

### Small interfering RNA (siRNA)transfection

The p68 siRNA oligonucleotide was purchased from Shanghai GenePharma Co., Ltd. (Shanghai, China); the sequence was 5′-GCUGAAUAUUGUCGAGCUU-3′. Briefly, CaSki cells were seeded at 1×10^6^ cells/well in the 6-well plates in the presence or absence of 20 nM TGF-β. The p68-siRNA or a non-specific negative control (NC) siRNA (5′-TTCTCCGAACGTGTCACGT-3′) were mixed with HiperFect transfection reagent at a final concentration of 50 nM (Qiagen, Inc., Valencia, CA, USA) and incubated at room temperature for 10 min. Next, the complex was added to the culture medium of cells for 48 h, after which the subsequent experiments were conducted.

### RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

The total RNA from cultured cells was isolated using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer\'s protocol. The total RNA was reverse transcribed at 72°C for 10 min and 42°C for 60 min into cDNA with TaqMan RNA Reverse Transcription kit (Applied Biosystems; Thermo Fisher Scientific, Inc.). qPCR was performed using SYBR-Green Supermix (Bio-Rad Laboratories, Inc., Hercules, CA, USA) in a BIO-RAD iCycleriQ real-time PCR detection system, as described previously ([@b21-ol-0-0-7552]). Details of PCR procedures were as follows: 95°C for 10 min followed by 50 cycles of 95°C for 10 sec, 55°C for 10 sec, 72°C for 5 sec, 99°C for 1 sec, 59°C for 15 sec, 95°C for 1 sec. The primers used were listed as follows: p68 forward, 5-AGAGGTTCAGGTCGTTCCAGG-3 and reverse, 5-GGAATATCCTGTTGGCATTGG-3; GAPDH forward, 5-CACCCAGAAGACTGTGGATGG-3 and reverse, 5-GTCTACATGGCAACTGTGAGG-3. Relative mRNA expression was normalized against the endogenous control, GAPDH, using the 2^−ΔΔCq^ method ([@b22-ol-0-0-7552]).

### Protein extraction and western blot analysis

Proteins samples were extracted in RIPA buffer (1% TritonX-100, 15 mmol/l NaCl, 5 mmol/l EDTA, and 10 mmol/l Tris-HCl; pH 7.0; Beijing Solarbio Science and Technology Co., Ltd., Beijing, China) supplemented with a protease and phosphatase inhibitor cocktail (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and then 20 µg protein loaded per lane was separated by SDS-PAGE (10% gel), followed by electrophoretic transfer to a polyvinylidene fluoride membrane. Following incubation with 8% non-fat milk in PBST (pH 7.5) for 2 h at room temperature, membranes were incubated with the following primary antibodies: Antibodies against decapentaplegic homolog 2 (Smad2; 1:1,000; cat. no. \#8685; Cell Signaling Technology, Inc., Danvers, MA, USA), anti-E-cadherin (1:1,000; cat. no. 3199; Cell Signaling Technology, Inc.), anti-α-smooth muscle actin (α-SMA; 1:1,000; cat. no. 19245; Cell Signaling Technology, Inc.), fibronectin (FN; 1:1,000; cat. no. ab2413; Abcam, Cambridge, UK), vimentin (Vi; 1:1,000; cat. no. 5714; Cell Signaling Technology, Inc.) and anti-GAPDH (1:1,000; cat. no. 5174; Cell Signaling Technology, Inc.). Following several washes with TBST, the membranes were incubated with HRP-conjugated goat anti-rabbit IgG (1:5,000; cat. no. ZB-2306; Zhongshan Gold Bridge Biological Technology Co., Beijing, China) for 2 h at room temperature and then washed. Immunodetection was performed by enhanced chemiluminescence detection system (EMD Millipore, Billerica, MA, USA) according to the manufacturer\'s protocol. The housekeeping gene GAPDH was used as the internal control. The protein levels were quantified using density analysis according to the manufacturer\'s protocol (ImageJ version 1.8.0; National Institutes of Health, Bethesda, MD, USA).

### Adenoviral vector construction and transfection

Recombinant adenoviruses expressing p68 (ad-p68) or a negative control adenovirus vector containing green fluorescent protein (ad-NC) were purchased from Shanghai GeneChem Co., Ltd. (Shanghai, China). In brief, CaSki cells were seeded at 1×10^6^ cells/well in 6-well plates. After 24 h, the ad-p68 or ad-NC vectors were transfected into the cells at a multiplicity of infection of 25 and the cells were collected 48 h later for experimentation.

### Migration assay

Cell migration was assessed using *in vitro* scratch assays. Firstly, cells were cultured at 1×10^5^ cells/well in 12-well plates for 24 h. Next, a 10 µ1 pipette tip was used to create an artificial gap in the confluent cell monolayer. Following transfection with ad-P68 or ad-NC for 48 h, the cells were washed with pre-warmed PBS three times to remove the debris. The initial images of the scratch (0 h) and final images of the scratch (48 h) were captured with an inverted light microscope. The migratory abilities were quantified by measuring the area of the scratched regions using the ImagePro Plus 4.5 software (Media Cybernetics, Inc., Rockville, MD, USA).

### Observation of cell morphology

In brief, CaSki cells were cultured at 1×10^5^ cells/well in 12-well plates for 24 h. Then, the cells were transfected with ad-P68 or ad-NC for 48 h, the cells were washed with pre-warmed PBS three times to remove the debris. Subsequently, cell morphology was observed under an inverted light microscope (magnification, ×400).

### Statistical analysis

Data are presented as the mean ± standard deviation following 3 independent experiments. SPSS (version 13.0; SPSS, Inc., Chicago, IL, USA) was used to perform statistical analyses. Two-tailed unpaired Student\'s t-tests were used for comparisons of two groups. Analysis of variance followed by Turkey\'s post hoc test was used for comparisons of two more groups. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Upregulation of p68 in cervical cancer cells

First, the expression of p68 was investigated in cervical cancer cells. RT-qPCR and western blot analyses demonstrated that the mRNA and protein levels of p68 were significantly enhanced in cervical cancer CaSki, HeLa, SiHa, and C-33A cell lines compared with a human keratinocyte HaCaT cell line ([Fig. 1](#f1-ol-0-0-7552){ref-type="fig"}).

### p68 enhances EMT in CaSki cells

The effect of p68 on the process of EMT in CaSki cells, which serves a key function in cancer cell migration, was investigated. First, ad-p68 or ad-NC was transfected into CaSki cells. At 48 h later, western blot analysis demonstrated that transfection with ad-p68 significantly enhanced the protein expression of p68 compared with NC-treated cells. Furthermore, overexpression of p68 induced the expression of the mesenchymal markers α-SMA, vimentin and fibronectin, whereas the epithelial marker E-cadherin was significantly decreased ([Fig. 2A](#f2-ol-0-0-7552){ref-type="fig"}). CaSki cells exhibited an elongated and spindle-shaped morphology following transfection with ad-p68 ([Fig. 2B](#f2-ol-0-0-7552){ref-type="fig"}). In addition, the role of p68 on CaSki cell migration was also investigated. As presented in [Fig. 2C](#f2-ol-0-0-7552){ref-type="fig"}, the *in vitro* scratch assay demonstrated that overexpression of p68 markedly enhanced CaSki cell migratory capacity at 24 and 48 h ([Fig. 2C](#f2-ol-0-0-7552){ref-type="fig"}).

### p68 stimulates the expression of TGF-β1 in CaSki cells

Next, ad-p68 was transfected into CaSki cells for 48 h. Western blot analysis revealed that overexpression of p68 significantly enhanced the expression TGF-β1 ([Fig. 3A](#f3-ol-0-0-7552){ref-type="fig"}). Expression of downstream effectors, including Smad2 and α-SMA, was also significantly upregulated ([Fig. 3A](#f3-ol-0-0-7552){ref-type="fig"}). By contrast, silencing of p68 with a specific siRNA significantly suppressed the protein expression of TGF-β1 as well as the downstream effectors Smad2 and α-SMA compared with the NC siRNA ([Fig. 3B](#f3-ol-0-0-7552){ref-type="fig"}). These data indicated that p68 stimulates the expression of TGF-β1, inducing downstream signaling in CaSki cells.

### Silence of p68 partially abolishes TGF-β1-induced EMT process in CaSki cells

To determine whether p68 prompts the EMT process in CaSki cells by stimulating TGF-β1 expression, CaSki cells with siRNA-p68, TGF-β1, either alone or together. Silencing of p68 significantly suppressed the TGF-β1 signaling pathway. By comparison, treatment with TGF-β1 markedly activated the TGF-β1 signaling pathway, including upregulation of Smad2, α-SMA, FN, Vi and downregulation of E-cad ([Fig. 4A](#f4-ol-0-0-7552){ref-type="fig"}). Notably, knockdown of p68 partially reversed TGF-β1-treatment-induced changes to the expression of EMT markers ([Fig. 4A](#f4-ol-0-0-7552){ref-type="fig"}). The morphological changes of CaSki cells were also determined. As presented in [Fig. 4B](#f4-ol-0-0-7552){ref-type="fig"}, TGF-β1-induced cell morphological changes, including elongated and spindle-shaped morphology, were partially reversed by knockdown of p68. These data indicated that p68 prompted CaSki cell malignancies, primarily by stimulating the expression of TGF-β1.

Discussion
==========

Cervical cancer is the third most common type of cancer among females worldwide ([@b1-ol-0-0-7552],[@b2-ol-0-0-7552]). At present, the treatment outcome for cervical cancer is unsatisfactory, particularly when advanced-stage tumors are considered. It is widely accepted that tumor metastases accounts for \~90% of all cancer-associated mortalities ([@b23-ol-0-0-7552]). Therefore, identification of the causes of metastasis may assist in the development of novel treatment methods for patients with cervical cancer, and therefore research in this field is of great importance.

p68 belongs to the Asp-Glu-Ala-Asp (DEAD)-box family of RNA helicases, with a conserved DEAD peptide sequence. This family is reported to modulate RNA structure through its ATP-dependent RNA helicase activity ([@b24-ol-0-0-7552]). Studies have demonstrated that DEAD-box-containing proteins serve a key role in ribosome biogenesis, embryogenesis and cell division ([@b25-ol-0-0-7552]--[@b27-ol-0-0-7552]). Previous studies revealed that p68 activates the expression of several oncogenes, thereby modulating cancer growth and metastasis ([@b24-ol-0-0-7552],[@b28-ol-0-0-7552]). It is reported that the upregulation of p68 serves a key function in cancer progression, particularly in breast cancer ([@b29-ol-0-0-7552]). The present study investigated the expression of p68 in cervical cancer cells, determining that the expression of p68 was significantly increased in cervical cancer CaSki, HeLa, SiHa and C-33A cell lines, compared with a human keratinocyte HaCaT cell line at the transcriptional and post-transcriptional levels. These results demonstrated the oncogenic role of p68 in cervical cancer cells.

TGF-β1 signaling serves a key function in tissue homeostasis and cancer progression ([@b30-ol-0-0-7552]). It is reported that activation of TGF-β1 signaling contributes to an abnormal EMT process ([@b10-ol-0-0-7552]). However, whether p68 regulates the EMT process has, to the best of our knowledge, never been investigated. The present study identified that overexpression of p68 significantly enhanced the expression of TGF-β1, thereby contributing to the EMT process in cervical cancer cells. In line with these observations, transfection with ad-p68 induced morphological changes inhuman cervical cancer cells. TGF-β1 is considered to be a primary driver of EMT processes and tumor progression. Results reported in the present study determined that p68 is able to activate TGF-β1 production and downstream signaling.

To the best of our knowledge, this is the first study demonstrating that inhibition of p68 reverses TGF-β-induced EMT in cervical cancer cells by inactivating TGF-β1 signaling. The results of the present study revealed that silencing of p68 inhibits cell proliferation and reverses EMT. These results provide novel mechanistic insight into the pro-tumor effects of p68 in cervical cancer cells.
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![Levels of p68 were increased in cervical cancer cells compared with normal human keratinocyte HaCaT cell line. (A) Reverse transcription-polymerase chain reaction analysis of p68 in cervical cancer cells. (B) Western blot analysis of p68 expression in cervical cancer cells compared with normal human keratinocyte HaCaT cell line (n=3). \*P\<0.05, \*\*P\<0.01 vs. HaCaT.](ol-15-02-2111-g00){#f1-ol-0-0-7552}

![p68 enhances EMT in CaSki cells. (A) The changes of EMT markers were analyzed using western blot analysis following adenoviral transfection with p68. (B) CaSki cells exhibited an elongated, spindle-shaped morphology following transfection with p68 for 48 h. (C) *In vitro* scratch test demonstrated that overexpression of p68 markedly enhanced CaSki cell migration capacity at 24 and 48 h (n=3). \*P\<0.05, \*\*P\<0.01, vs. ad-NC. EMT, epithelial-mesenchymal transition; E-Cad, E-cadherin; α-SMA, α-smooth muscle actin; Vi, vimentin; FN, fibronectin; ad-NC, adenoviral-transfected negative control; ad-p68, adenoviral-transfected p68.](ol-15-02-2111-g01){#f2-ol-0-0-7552}

![p68 stimulates the expression of TGF-β1 in CaSki cells. (A) Western blot analysis showing that overexpression of p68 significantly enhanced the expression TGF-β1 and the downstream signaling pathway. (B) Silencing of p68 with si-p68 significantly suppressed the expression of TGF-β1 as well as the downstream effectors, Smad2 and α-SMA (n=3). \*P\<0.05, \*\*P\<0.01, vs. NC. TGF-β1, transforming growth factor-β1; Smad2, mothers against decapentaplegic homolog 2; ad-NC, adenoviral-transfected negative control; α-SMA, α-smooth muscle actin; ad-p68, adenoviral-transfected p68; si-p68, small interfering RNA targeted at p68.](ol-15-02-2111-g02){#f3-ol-0-0-7552}

![Silencing of p68 partially abolishes TGF-β1-induced the epithelial-mesenchymal transition process in CaSki cells. (A) Western blot analysis of the TGF-β1 signaling pathway when CaSki cells were treated with si-p68 and/or TGF-β1. (B) Morphological changes of CaSki cells were determined in CaSki cells were treated with si-p68 and/or TGF-β1 (n=3). \*P\<0.05, \*\*P\<0.01, vs. NC. E-Cad, E-cadherin; α-SMA, α-smooth muscle actin; Vi, vimentin; FN, fibronectin; TGF-β1, transforming growth factor-β1; Smad2, mothers against decapentaplegic homolog 2; si-p68, small interfering RNA targeted at p68; NC, negative control.](ol-15-02-2111-g03){#f4-ol-0-0-7552}
